Most of the previous works on mass flux due to thermal creep focused on thermal creep due to wall temperature gradient. In this work, we show that even without wall temperature gradient there exists thermal creep mass flux if one applies heat flux over the wall. This heat flux could induce a temperature gradient inside the flow and subsequently leads to a temperature gradient across the channel. Additionally, we deduce that rarefied gas under thermal non-equilibrium conditions is governed by three separate mechanisms, i.e., thermal creep effect and viscosity and density changes. There is a critical Knudsen number, around unity, where the mass flux remains invariant against the heating/cooling wall heat fluxes. Some analytical expressions for all sorts of thermal mass flux, including that due to the heat flux and that due to the wall temperature gradient are derived. Previous works on mass flux due to the thermal creep only considered linearized flow while this work considers arbitrary temperature gradient effects. V C 2014 AIP Publishing LLC.
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[http://dx.doi.org/10.1063/1.4866042] Thermal non-equilibrium conditions for rarefied gas flow through micro-/nanochannels could be triggered via the surfaces. Surface effects strongly contribute in the mass flux through micro-/nanochannels. Surfaces could affect the main flow either by non-uniform temperature distribution or by non-zero heat flux conditions. Both effects could lead to a non-uniform wall temperature distribution which subsequently result in "thermal creep" effect in which fluid starts creeping from the cold region towards the hot one. 1 Prediction of thermal creep mass flux under non-uniform wall temperature through micro-nanochannels has been reported for very small temperature gradient in which the flow behaviour is linear. [2] [3] [4] [5] [6] [7] The reduced mass flux was defined as Q ¼ a Q P þ b Q T , where indexes P and T denote mass fluxes due to pressure gradient and thermal creep effect. 4 For the channel with an aspect ratio of AR, a ¼ AR
Þwere considered so small such that the Boltzmann equation and boundary condition could be linearized around an equilibrium state at rest. From the linear flow analysis, it is shown that the ratio of the reduced thermal creep mass flux (Q T ) to that of the Poiseuille flow (Q P ) reduces to zero at the continuum flow and approaches to a limiting value as the density of the gas approaches to zero. 2, 3, 6 For non-linear flow behaviour under high temperature gradients, it is detected that the ratio of thermal mass flux to that of the isothermal Poiseuille flow approaches to a limiting value which depends on the temperature and pressure gradients. 8, 9 However, the prediction of thermal mass flux under specified wall heat flux in which both non-uniform wall temperature and non-zero wall heat flux are co-existing was failed considering only the effect of non-uniform wall temperature. In addition to the wall temperature gradient, it was observed that the heat flux addition to or injection from the flow affects the mass flux via creating a temperature gradient inside the flow. 8 This paper considers the contribution of thermal non-equilibrium conditions on the mass flux of rarefied gas flow in the transition regime under all ranges of pressure and temperature gradients including linear and non-linear flow behaviours. Both non-equilibrium conditions, i.e., non-uniform wall temperature and non-zero wall heat flux, were investigated separately and simultaneously in the transition regime. Finally, a unified model will be suggested for prediction of mass flux of micro/nano channels under specified wall heat flux experiencing the effects of both non-uniform temperature and non-zero heat flux over the wall simultaneously.
The non-equilibrium gas flow problems could be treated using direct simulation Monte Carlo (DSMC). The DSMC technique uses a finite set of model particles that move and collide in a computational domain. 10, 11 In the current study, the variable hard sphere (VHS) collision model is used, and the choice of collision pair is performed based on the No Time Counter (NTC) method. 10 The channel walls are treated as diffuse reflectors.
In the current work, we used the previous code of Akhlaghi and co-workers. 8, 9 The results provided in this work have been obtained after a careful grid size, particle number, and time step independency investigation. We set at least 20 particles per cell for typical simulations. The cell sizes are selected to be less than 1/3 of the gas mean free path. For each test case, the time step is set such that each particle resides in the cell for more than 4-5 time steps. Figure 1 shows the plane micro/nano channel geometry and imposed wall and inlet/outlet boundary conditions. The aspect ratio, H/L, of the channel is set as 6.
We break mass flux of micro-/nanoscale Poiseuille flow down into the following three components:
Author to whom correspondence should be addressed. where M is the total mass flux and indexes P, T, and Q correspond to the mass fluxes due to the pressure gradient, thermal creep due to the wall temperature, and thermal creep due to the non-zero wall heat flux, respectively. Compared with the previous studies, 4-6 the breakdown given by Eq. (1) is different in that it decomposes thermal creep mass flow rate into two separate mechanisms, i.e., wall temperature and wall heat flux. Table I defines the different components of the mass flux in Eq. (1) for a channel with an inlet temperature of T in and wall temperature distribution of T w x ð Þ. Inlet/outlet pressure condition is the same for all cases. Average temperature and Knudsen number are T and Kn, respectively. The temperature gradient is produced via a linear wall temperature distribution with initial and final wall temperatures equal to T 1 and T 2 . Non-zero averaged wall heat flux is achieved via applying the temperature difference between average flow temperature ( T) and average wall temperature (T w ). For cases with zero average wall heat flux, a uniform temperature distribution equal to T is set on the walls. M Q is the mass flow rate due to the temperature difference between the bulk flow ( T) and average wall temperature (T w ). This difference leads to a non-zero average wall heat flux of q w . However, M T is the mass flow rate under linear wall temperature distribution, which is equal to the average of wall/bulk temperatures. Consequently, average wall heat flux is zero in this case.
The prediction of M P under isothermal condition has been reported from the slip to free molecular regimes, experimentally, analytically, and numerically during the past decades [12] [13] [14] [15] [16] [17] [18] and will not be considered in this work. First, we consider pure temperature-driven flow (M T ). In this case, thermal creep is created due to the thermal diffusive flow and it is directly related to a fraction of the gas molecules striking the plate. 2 Actually, thermal mass flux in this situation is due to the pumping effect of thermal creep flow. Thermal creep mass flux has been predicted for slight temperature gradients over a wide range of Knudsen numbers.
2-7 Figure 2 shows the normalized thermal mass flux of temperature-driven rarefied gas flow through a micro/nano channel with a height of H. 8 In this figure, lower Kn cases correspond to flow in microchannels, and higher Kn cases correspond to nanochannel flows. Normalized thermal mass flux is defined as
where b is the non-dimensional temperature gradient, i.e.,
Subscript 0 corresponds to the inflow conditions.
As Fig. 2 shows, normalized thermal creep mass flux increases continuously as the Knudsen number increases. It is due to the dominance of gas-surface molecular collisions at more rarefied conditions. For linear flow behaviour, i.e., values of b around zero, the DSMC results obtained by the authors 8 (denoted by symbols in Fig. 2 ) are closer to the linear Boltzmann solutions. As flow non-linearity increases, i.e., higher b, deviations from the linear Boltzmann solutions increase. As non-linearly increases, the magnitude of Q T decreases. It is because of the fact that the high temperature gradients decrease the pressure gradient along the channel which subsequently decreases Q T . 19 Actually, the effect of non-linearity is much stronger at higher Kn numbers.
To analyse the mass flux under simultaneous pressure and temperature gradients, we consider thermal creep effects in the Poiseuille flow. Based on our previous investigations, 8, 9 we propose Eq. (3) to predict the reduced thermal mass flux due to temperature gradient. Reduced thermal mass flux (M Ã T ) is defined as the ratio of thermal mass flux (M T ) to that of equivalent isothermal Poiseuille flow (M P ), see Table I .
where P is the channel pressure ratio, Kn is the average Knudsen number, and DT Ã is the ratio of the wall temperature gradient to the average flow temperature. The coefficients C 1 , C 2 , and C 3 can be numerically computed. 8 Using DSMC calculations considering the superposition law given 
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The normalized mass flux of temperature-driven rarefied flow, comparison of DSMC results (symbols) 8 with those of Boltzmann-KrookWalender, 3 asymptotic theory, 4, 5 and Bhatnagar-Gross-Krook. 6 in Table I , we obtained these coefficients equal to 0.020, 1.312, and 0.461. The values obtained for C 1 , C 2 , and C 3 are independent from gas type, temperature/pressure gradient, pressure ratio, and average flow temperature. Figure 3 shows the reduced thermal mass flux due to linear wall temperature gradient as a function of the Knudsen number for different pressure ratios and temperature gradients. Streamwise creep corresponds to a situation where temperature and pressure gradients act in reverse direction. In this situation, thermal creep effect increases the total mass flux. For aligned pressure and temperature gradients, M T is negative and decreases the total mass flux. The third term in Eq. (1) represents the mass flux due to heat addition to or rejection from the flow through the walls, i.e., M Q . We define reduced form of M Q as M
Heating/cooling heat fluxes are performed via an inflow-surface temperature difference under uniform wall temperature (UWT) condition. The wall heat flux is defined as the difference between incoming and outgoing energy fluxes, i.e., q w ¼ P e i À P e r À Á = Dt:s ð Þ, which strongly depends on the collision rate of gaseous molecules to the wall surface. Therefore, q w is a strong function of the flow rarefaction. Thus, it is necessary to define a non-dimensional heat flux parameter holding the same order for different levels of flow rarefaction. We define a reduced wall heat flux parameter Q Ã which is the ratio of wall heat flux to the internal energy flux of the bulk flow, i.e.,
In Eq. (4), L is the channel length, C p is the specific heat capacity of the gas, and T is the average flow temperature. In the latter case, there are also wall temperature variation effects. Each line corresponds to one isothermal test case for which inflow temperature is equal to that of the wall. The variation along each line is due to increase/decrease of the wall temperature. M iso is the mass flow rate for the corresponding isothermal case. According to Fig. 4 , both heating and cooling processes may increase or decrease the total mass flux depending on the degree of flow rarefaction. It is very interesting that there is a critical Knudsen number, Kn critical , around unity, where the behaviour of M changes with respect to the kn. For Knudsen numbers less than Kn critical , cooling increases the mass flux and heating decreases that. But for Knudsen numbers greater than Kn critical , mass flux decreases by cooling and increases by heating. These observations could be discussed by viscosity, density, and thermal creep effects.
Based on the Chapman-Ensgok expansion, 10 for a gas with viscosity-temperature index of x, viscosity increases as temperature rises, l ¼ l 1 T=T 1 ð Þ x . Therefore, heating (/cooling) decreases (/increases) the mass flux via increase (/decrease) in gas viscosity at lower Knudsen numbers. More importantly, heating (/cooling) decreases (/increases) gas density and further reduces (/enhance) mass flux. For Knudsen numbers greater than unity, the entire channel is in the Knudsen layer, hence heating or cooling leads to the temperature gradient in the Knudsen layer, i.e., thermal creep effect. Therefore, heating leads to streamwise temperature gradient and consequently increases the mass flux while cooling produces against-stream temperature gradient and decreases the total mass flux, see Eq. (3). The effect of Q* on M is stronger at lower Knudsen numbers. Comparing to the UWT cases (solid lines), the mass flux for UWH cases (dashed-dotted lines) is lower at Q Ã > 0 and is higher at Q Ã < 0 comparing with that of UWT cases. This behaviour could be interpreted from the results of Fig. 3 and the thermal creep concept. UWH case with Q Ã < 0 leads to a streamwise thermal creep and the mass flux is greater compared to the UWT case with the same Q Ã . But for Q Ã > 0 condition, UWH case leads to against-stream thermal creep which decreases the mass flux compared to the UWT case at the same Q Ã . In other word, dashed-dotted lines are rotated clockwise with respect to the solid lines. Figure 5 shows the variation of reduced thermal mass flux, M Ã Q , due to heat flux for different channel pressure rations from low to high transition flow regimes. The mass flux values are normalized with the mass flux of the corresponding isothermal cases, i.e., M P . In this situation, the average bulk temperature is the same for zero and non-zero wall heat flux cases. Therefore, density and viscosity variations are negligible, and thermal creep effect is the only governing mechanism on the mass flow rate variations. Therefore, negative heat fluxes (heating) increase the mass flux due to streamwise thermal creep, and positive values of Q Ã (cooling) decrease the mass flux due to against-stream thermal creep effects. Figure 5 shows that M
Based on our DSMC numerical analysis, coefficient C 4 , C 5 , and C 6 have been determined as À0.231, 0.231, and 1, respectively.
Based on the present analysis of thermal nonequilibrium conditions, it is possible to predict mass flux of Poiseuille flow under specified wall heat flux condition. Equation (6) is obtained by substitution of Eqs. (3) and (5) into Eq. (1). It predicts the mass flux of Poiseuille flow under full thermal non-equilibrium conditions as follows: Figure 6 shows the behaviour of Eq. (6) for different cases of thermal non-equilibrium conditions. Both of streamwise temperature gradient (DT Ã > 0) and heating (Q Ã < 0) increase the reduced mass flux. As is seen, the effect of thermal non-equilibrium conditions on the reduced mass is significant at highly transitional regime. At the thermal equilibrium state, i.e., uniform wall temperature distribution and zero wall heat flux conditions, mass flux is produced only via pressure-driven force, therefore M Ã ¼ 1. Figure 6 indicates that even under cooling condition, employing a streamwise temperature gradient will increase the reduced mass flux, see graph of Q Ã ¼ 1 and DT Ã ¼ 1. For micro-/nanochannels under specified wall heat flux conditions, DT Ã is temperature gradient for a linear distribution of the wall temperature.
As a concluding remark, in this paper thermal mass flux increment due to non-equilibrium conditions have been studied for rarefied gas flow at transition regime. It was shown that there are three mechanisms, i.e., viscosity and density changes and thermal creep effect, which affect the mass flux of rarefied gas under thermal non-equilibrium conditions. For simultaneous pressure and temperature gradients, it was shown that the reduced thermal mass flux rises from zero at the continuum limit and approaches to a certain limiting value at highly transitional flow (Table II) . There is a critical Knudsen number, Kn critical , around unity for which heating or cooling does not affect the mass flux. For Kn < Kn critical , cooling increases the mass flux by increasing the gas density while heating decreases it. But for Kn > Kn critical , the story is different, i.e., cooling decreases and heating increases the mass flux. Reduced thermal mass flux due to non-zero wall heat flux continuously decreases by cooling (Table III) . The effect of both thermal non-equilibrium conditions on the mass flux was approximately constant for Knudsen numbers greater than unity. A formula for the reduced mass flux of the Poiseuille flow under full thermal non-equilibrium condition was presented. This formula makes it possible to predict mass flux of micro-/nanochannels under specified wall heat flux condition. 
